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Analytical and computer simulation results are reported on the effect of spatial fluctuations of the external-
field index on the dynamics of a high-current electron ring in a modified betatron. These nonlinear studies
clearly demonstrate that the external field-index fluctuations are, in general, harmless to the high-current
ring. In addition, it was found that a small (~19%) temperature spread parallel to the direction of
propagation excites oscillations in the rms emittance, but the amplitude of these oscillations is substantially
lower than in a conventional betatron.

I. INTRODUCTION

The modified betatron belongs to the class of cyclic induction accelerators, i.e., the
electrons are accelerating by an inductive electric field. So far three different cyclic
induction accelerators have been proposed: the conventional betatron,'~ the modified
betatron*~'* and the stellatron.!® The modified betatron includes, in addition to the
time-varying betatron magnetic field that is responsible for the acceleration, a strong
toroidal magnetic field that substantially improves the stability of the conventional
betatron. In the stellatron, the addition of a stellarator field to the modified betatron
substantially reduces the displacement of the orbit that is due to energy mismatch.
However, beam trapping and resonances appear to be presently unsolved problems.

The linear dynamics of a high-current electron ring in a modified betatron geometry
has been studied extensively** during the last few years. These studies are mainly
motivated by extensive evidence suggesting that the modified betatron has the
potential to confine high-current electron rings, even in the presence of a substantial
transverse emittance.'®

However, in any practical device, nonlinearities will be present and their effect on the
dynamics of the beam should be carefully considered. The sources of nonlinearities in a
high-current modified betatron are numerous. Probably the most important of these
are: (i) large ring displacements from the minor axis of the torus, (ii) azimuthal
perturbations in the magnetic fields, (iii) the gradient of the toroidal magnetic field,
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(iv) non-uniform particles and current densities in the ring and (v) rapid field-index
spatial variations.

The nonlinear dynamics of very tenuous electron rings in a modified betatron ac-
celerator has been studied recently by Chernin.!” His studies were limited to quadratic
nonlinearities in the absence of self-fields and image fields from the surrounding walls.
For azimuthally symmetric fields, he concluded that the quadratic nonlinearities are
quite harmless to the electron ring.

In this paper, we use a computer simulation code to study the effect of several
nonlinearities on the dynamics of the electron ring. The nonlinearities that are due to
the azimuthal perturbations of the fields are not included in our studies. A substantial
fraction of our effort is focused on the effect of the large spatial fluctuations of the field
index. By comparing the electron-ring evolution in fields of constant field index n with
that in fields of large On/0r, it becomes clear that the field-index fluctuations are, in
general, harmless to high-current rings. It should be noticed that On/Or in the
simulation is larger than that expected to be present in the NRL modified betatron.

Additional conclusions to be drawn for our results are that a small (~ 19,) azimuthal
temperature spread excites oscillations in the rms emittance, but the amplitude of these
oscillations is substantially lower than in a conventional betatron.’® Furthermore, a
large emittance growth and beam expansion are observed when the electrons cross the
single-particle resonance, i.e., when their frequency ©® = 0. The expansion of the beam
can be effectively reduced by a large toroidal magnetic field.

II. COMPUTER SIMULATION RESULTS

a. Description of the Particle in Cell Computer Code

The computer code has been described previously.!! Here we provide a very brief

summary with emphasis on a recent modification related to the initial loading of the

particles. Briefly, the particle simulation code is 2D in configuration and 3D in velocity

space. It computes self-consistently all self fields, except the self B, field. This

assumption is valid provided v/y is small. In addition, the radiative term (displacement

current) is ignored, i.e., the code uses the Darwin model for Maxwell’s equations.
The electrostatic potential is computed from Poisson’s equation

V20 = p/eo, (1

and the magnetic vector potential from

A
V24, — rfj = —po s, 2

with the boundary condition ® = 4, = 0 at the conducting wall.

Equations (1) and (2) are solved by Fourier decomposition in the z — r direction and
then by Gaussian elimination of the resultant tridiagonal matrix of equations obtained
from a 3-point differencing scheme for V,2. The inverse Fourier transform yields A, and
® on the grid. The particle velocities in the toroidal direction are obtained using the
conservation of cannonical momentum. Therefore, the equation for 4, is not properly
time centered because the velocities from the previous time step are used to calculate
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the currents from the canonical momenta. This method was chosen primarily for its
speed and simplicity, but care must be taken in applying the code when the inductive
acceleration of particles in the toroidal direction is significant.

In several runs, the particles were loaded in the code at t = 0 using a cylindrical K-V
distribution. In these runs, the electrons quickly acquired an “energy spread”. This
“thermalization” is due to the fact a cylindrical K-V distribution is not appropriate for
high-current electron rings that have large aspect ratio r/r,, where r, is the major and
r, the minor radius of the ring. The reason is that a cylindrical K-V distribution
requires that the potential be the same on both the left and right side of the beam.
However, in a actual ring there is a potential difference between the inner and outer
edge. Thus, a ring that has been incorrectly initialized tries to attain a more physical
distribution, but in the absence of dissipation this can be achieved only temporarily. In
the process, a spread in v is developed, which is equivalent to temperature. In all the
results presented in this paper, the code was loaded at t = 0 correctly, i.e., taking into
account the asymmetry of the potential across the ring.

b. Results Without Temperature in the Azimuthal Direction

Figure 1 shows the modified-betatron geometry and the system of coordinates that will
be used in our subsequent discussion. The center of the electron ring is located away
from the center of the minor cross-section of the torus and at a distance
A = (Ar? + Az?)}2, Results from the computer simulation are shown in Fig. 2. The
various parameters for this run are listed in Table I. At t = O, the 5-kA electron ring is
located on the horizontal symmetry plane and at a distance A = § cm, i.e.,, half-way
between the minor axis and the wall of the toroidal chamber. It is apparent from the
small variations of the ring envelope [Figs. 2a and 2b] that the ring is reasonably well
matched. As shown in Table I, the external field index n is constant and equal to 0.42.

z
Electron Toroidal
Ring Chamber
-Az+3z
' r
a—N Ar +8r
g®*' INEINEYN S
r = ro+Ar +3r
z = Az +3z

FIGURE 1 Modified-betatron configuration and system of coordinates.
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FIGURE 2 Temporal variation of the rms radial distance of electrons from the center of the minor cross
section of the ring; (b) temporal variation of the rms vertical distance of electrons from the center of the
minor cross section of the ring; (c) orbit of the ring’s center in the r-z plane; (d) temporal variation of ring
kinetic energy. In this run, the external-field index is uniform. The various parameters are listed in Table I.

For such a value of n, linear theory!!'!3 predicts that the minor axis of the ring has two

modes of oscillation, slow (bounce frequency) and fast (cyclotron frequency corre-
sponding to the toroidal field). The orbit of the ring axis associated with the slow or
bounce mode is approximately a circle that is centered around the ring equilibrium
position. Although the run was terminated before the ring could complete a full bounce
period, it is clear from Fig. 2c that the center of the ring describes an orbit that is similar
to that predicted by the theory. Both modes of oscillation are quite apparent. The
radius of the fast mode p, can be computed approximately from the expression
p; = Ve€N/TpQ2, Where vy is the azimuthal velocity, €y is the normalized emittance, r, is
the ring radius and Q, the cyclotron frequency of the local toroidal magnetic field. The
time interval between two successive arrows in the figure is 20 nsec.
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TABLE 1
Parameters of the Run Shown in Fig. 2

Run No. M14D

Initial beam energy vy, = 7.117

Beam current I (KA) = 5 KA

Major radius r, (cm) = 100

Initial beam minor radius r, (cm) = 3

Torus minor radius a (cm) = 16

Initial beam center position r; (cm) = 108
Betatron magn. field at ry, z = 0, By, (G) = 136.2
Toroidal magn. field at ry, z = 0, By, (G) = 388
Initial emittance € (rad — c¢cm) = 0.1

Initial temperature spread (half-width) % =0
External field index n = 0.42 (Constant)

Self field index n, = 1.34

Wall resistivity p = 0

Timd step (nsec) = 100 ps

No. of particles = 1024

The ring kinetic energy also oscillates with the two characteristic modes as may be
seen in Fig. 2d. The variation of y can be computed approximately by integrating the
energy rate equation

2 dy

A
mc Et_ = —lelv-E = |€|anq, (3)

using for the self magnetic vector potential the expression

21

L —
Ao =
C

(1/2 + In(a/ry) + In(1 — A?/a?)). 4)

In Eq. (4), I, is the ring current, a is the minor radius of the torus and A is the distance
between the ring minor axis and that of the torus. It should be noticed that Eq. (4) does
not include toroidal effects and therefore is valid only for low v/v rings.

Since I, = —|e|Nvy/2nr, where N is the total number of electrons in the ring and the
external part of the magnetic vector potential remains constant, we get from Egs. (3)
and (4)

v(t) — v(0) = 2v0{;r(%) [1/2 + In(a/r,(0)) + In(1 — A*(0)/a?)]

— —[1/2 + In(a/ry(t)) + In(1 — Az(t)/az)]}, 5

o
r(?)
where v, is the Budker parameter when the ring center is located at r, i.e.,

_ N ef?
©2mrg me?’

(6)

Vo

In the fast mode, y changes through the transverse oscillations of the ring envelope.
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Since in this fast time scale r and A remain approximately constant, Eq. (5) becomes

Y(0) = ¥(0) = 2v0 =2 In[ry(1)/r, (0)).

In the slow mode, y changes mainly through the variation of the ring current, which
results from the changing r. Since the contribution from the variation of r, and A are in
general small, Eq. (5) gives

() — ¥(0) = 2voro[1/2 + In(a/ry(0) + In(1 — A*(0)/a?)1[r(t) — r(0)1/r(t)r(0). (7)

Equation (7) predicts that y(t) decreases with r(t). In addition, for the results of
Fig. 2d, Eq. (7) predicts a reduction in y between t = 0 and t = 80 nsec of 0.18, which
is in excellent agreement with the computer simulation results.

As was stated before, the run shown in Fig. 2 was made using a constant external-
field index. The purpose of this run was to serve as a “bench mark” for the rest of the
runs that were made with a variable external-field index. The radial profile of the
betatron field and the variation of the external field index are shown in Fig. 3. The
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FIGURE 3 Variation of the betatron magnetic field and external-field index with radial distance at three
vertical (z) positions.
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FIGURE 4 (a) Temporal variation of the rms radial distance of electrons from the center of the minor
cross section of the ring; (b) temporal variation of the rms vertical distance of electrons from the center of the
minor cross section of the ring; (c) orbit of the ring center in the r-z plane; (d) temporal variation of ring
kinetic energy. In this run, the external-field index varies as shown in Fig. 3. The various parameters are listed
in Table II.

assumed variation is in effect greater than that expected to be present in a well-designed
device.

The effect of the external field-index variations on the dynamics of the ring is shown
in Fig. 4. The parameters of this run are listed in Table I and, with the exception of the
external-field index, are identical to those of run listed in Table I. By comparing
Figs. (2) and (4), it may be concluded that the variation of the field index does not have a
profound effect on the dynamics of the ring. Although some details are different, the
gross features of the two runs are very similar. The most pronounced new feature of the
results in Fig. 4 is the slow time-scale variation of the ring envelope. As the ring moves
from its initial position at z = 0 to z # 0, the field index is reduced and the ring
becomes unmatched, resulting in envelope oscillations.
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TABLE 1I
Parameters of the Run Shown in Fig. 4

RunNo. MI6A

Initial beam energy vy, = 7.117

Beam current I (KA) = 5

Major radius ry (cm) = 100

Initial beam minor radius r, (cm) = 3

Torus minor radius a (cm) = 16

Initial beam center position r; (cm) = 108
Betatron magn. field at ro, z = 0, By, (G) = 136.2
Toroidal magnetic field at ry, z = 0, By, (G) = 388
Initial emittance € (rad — cm) = 0.1

e . A
Tnitial temperature spread (half-w1dth)—y =0
Y

External field index n = see Fig. 3
Self field index n;, = 1.34

Wall resistivity p = 0

Time step (nsec) = 100

No. of particles = 1024

Snapshots of the minor cross section of the ring and the magnetic field lines
corresponding to the total magnetic field are shown in Fig. 5. As can be easily
computed, the zero magnetic field point occurs at ~ r,/2.

Similar results to those shown in Fig. 4 were also obtained for smaller initial ring
displacements A(0). Figure 6 shows the results for A(0) = 5 cm. The parameters of this
run are listed in Table III. In all the runs, we carefully avoided crossing the beam
resonance, i.e., the radial frequency

0

®,° = <%i>2 (&2 — n(t)§ — nyry?/a’],

where £ =114 2(v/y)(0.5 + Ina/r,)] "%,

was kept different than zero. The implications of crossing the resonance are presently
under investigation.

¢. The Effect of Temperature

In the system of coordinates shown in Fig. 1, the equations describing the motion of
individual electrons in a constant-radius beam with A = 0 having an azimuthal energy
spread Ay/y, are

2

A

57 + 0,2 81 — (QoofYe) A2 = — =, ()
o Yo

87 + ©,% 8z + (Qop/70)07 = 0, ®

where o, = (Qo-/Y0)*(1 — n — 1), ©.> = (Qo./70)*(n — ny) and Ay =y — (y) is
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FIGURE 5 Snap-shots of the electron ring minor cross section and magnetic-field lines corresponding to
the total magnetic field. The infinite-conductivity vacuum chamber has a circular minor cross section. The
major axis of the torus is located to the left and at 100 cm from the center of the minor cross section of the
torus. The various parameters are listed in Table 1I.

the azimuthal energy spread in the beam. Equations (8) and (9) do not include the
toroidal corrections in the fields and therefore are valid only for low v/y, beams.

In the Larmor frame, ie., a frame that rotates with a constant frequency
Q. = 1/2(Q44/70), Egs. (8) and (9) take the form

2

. - A Q
87" + K287 = < 3 27 cos <—Ls>, (10
Tols™ Yo Ug

C2

82" + K282 = AY in <—> 11)

2
Tols™ Yo
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FIGURE 6 (a) Temporal variation of the rms radial distance of electrons from the center of the minor
cross section of the ring; (b) temporal variation of the rms vertical distance of electrons from the center of the
minor cross section of the ring; (c) orbit of the ring center in the r-z plane; (d) temporal variation of ring
kinetic energy. In this run the external-field index varies as shown in Fig. 3. The parameters for this run are

listed in Table II1.

where

8F = cos <%> or — sin <%> 4z,
Uy Vg

8z = sin <9L—s> or + cos <%> oz,
Vg Ug

K? = (0% + Q,%)/v,%, 0% = 0,2 = 0,%,ie,n = 1/2, 87" = ddF/ds,s = r,0 and 0 is
the toroidal angle.
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TABLE III
Parameters of the Run Shown in Fig. 5

~ Run No. MO5A

Initial beam energy vy, = 6.994

Beam current I (KA) = 4.76

Major radius r, (cm) = 100

Initial beam minor radius r, (cm) = 3

Torus minor radius a (cm) = 16

Initial beam center position r; (cm) = 105
Betatron magn. field at ry, z = 0 By, (G) = 136.2
Toroidal magn. field at ry, z = 0, By, (G) = 388
Initial emittance € (rad — cm) = 0.1

Initial temperature spread (half-width)ﬂ =0
External field index n = see Fig. 3

Self field index n; = 1.33

Wall resistivity p = 0

Time step (nsec) = 100 ps

No. of particles = 1024

Equations (10) and (11) describe forced oscillations and have a resonance at @ = 0.
The solution of Egs. (10) and (11) when K is independent of s is

or'(0 Q
7 = [87(0) — dry] cos Ks + rK( ) sin Ks + &r, cos <v—"s), (12a)
6
and
~ N 1. . . [ Qs
6z = 6z(0) cos Ks + X [627(0) — 67y, /ve] sin Ks + dr sin — ) (12b)
(]
where
c? Ay
670 = ro())2 %

When @ = 0, the solution of Egs. (12) is

Q,s Q 2
87 = 57(0) cos =5 + g’ 57(0)sin 5 4 €S AT Qs

Vo Vg 2roveQp v Vg (13a)
and
Qs Q
8z = 8z(0) cos — + D— 82'(0) sin e
2
Q Qs Qs
c2 Ay Ls J_ + sin Qs (13b)
2rOQL Y Vg Vg

In addition to the purely oscillatory terms, Egs. (13) have two terms that make their
amplitude increase with s. Therefore when @ = 0 the beam radius will rapidly increase
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and thus the model, which is based on r, = constant, breaks down. Furthermore, ng
and o are functions of #, and thus neither remains constant as r, increases. Therefore, in
our subsequent discussion, we will assume that © # 0.

The rms beam emittance is defined by

€ = 4{<OF2 (1)) <37 *(t)) — <BF(t) 87 '(1)*}1/2. (14)

Substituting Egs. (12a) and (12b) into Eq.(14) and taking averages over a K-V
distribution, we obtain

m)
[N}

|

= (3F2(0))(BF *(0)) + dro2{<8F*(0)>[xK sin Ks + x' cos Ks]?

16
+ <87'%(0))[x cos Ks — %Sin Ks]?}, (15
where
Q
X = coS (g) — cos Ks
] 16
for the r-component (16)
x' = _ sin <g€§> + K sin Ks
Uy UO
and
Q Q
x = sin <£> - <—4~> sin Ks
vo Kvg (17)

for the z-component

If the initial conditions are such that
K2(8r2(0)) = (87"2(0)),

Eq. (15) becomes
22
% = (8F2(0)D<87'2(0)> + dry?K2(87%(0)y[x? + x'2/K*]. (18)
When Q;? » ®?, the two components of the rms emittance become
~2

61'6 = (87%(0))(3F2(0))

+ 2(8roQ /15)> (57%(0)> [1 — cos< @3 )] (19)

Qg0
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and

% = (SZ2(0)) (B2 2(0)) + 2(8roQ/v5)*(52%(0)) [1 — cos <§;’” )] (20)

0oV

Since 0%s/Qgevy — 0 when Qqy > o, the amplitude of the oscillatory terms is very
small. This is contrary to the conventional betatron, in which very small energy spread
results in very large oscillations of the rms emittance.'®

Results from the computer simulation with a small parallel temperature spread are
shown in Fig. 7. The various parameters for this run are listed in Table IV. When a
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FIGURE 7 (a) Temporal variation of the rms radial distance of electrons from the center of the minor
cross section of the ring; (b) temporal variation of the rms vertical distance of electrons from the center of the
minor cross section of the ring; (c) orbit of the ring’s center in the r-z plane; (d) temporal variation of ring
kinetic energy. In this run the external-field index is uniform, but the electrons have a 1% (half-width)
temperature spread along the toroidal direction. The various parameters for this run are listed in Table I'V.
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TABLE IV
Parameters of the Run Shown in Fig. 7

Run No. JO2A

Initial beam energy vy, = 7.004

Beam current I (KA) = 5§ KA

Major radius r, (cm) = 100

Initial beam minor radius r, (cm) = 2

Torus minor radius a (cm) = 16

Initial beam center position r; (cm) = 105
Betatron magn. field at ry, z = 0, By, (G) = 140
Toroidal magn. field at ry, z = 0, By, (G) = 725
Initial emittance € (rad — cm) = 0.1

o . A
Initial temperature spread (half-w1dth)—z =1%
h

External field index n = 0.42
Self field index n, = 2.984
Wall resistivity p = 0

Time step (nsec) = 100 ps
No. of particles = 1024

parallel energy spread is present, the matching becomes more difficult and the beam
envelope starts to oscillate. These oscillations result in the growth of the ring rms
emittance and are discussed later.

The ring dynamics in the presence of temperature is similar to that in the absence of
temperature, provided that even with the expansion of the beam radius, @ remains
different than zero. In one run, the various parameters were assigned values such that
®? would go through zero after a small expansion of the beam radius. A very rapid
increase in the beam envelope was observed that was accompanied by a large growth of
the rms emittance in approximately 100 nsec. However, the expansion had no
noticeable effect on the macroscopic motion of the center of the beam, at least for the
duration of the run.

The large expansion of the beam envelope that has been observed in this run is
related to the unrealistically low value of the toroidal magnetic field used. Since reliable
numerical analysis requires several cells across the minor cross-section of the ring, it
was necessary to work with large minor radius rings, which can be matched only at low
toroidal magnetic field. Specifically, the applied matching field for the 3-cm minor
radius, 5-kA ring is 388G, at least five times smaller than that contemplated for the
NRL modified betatron.

According to Egs. (13), the terms with amplitude that increases linearly with s also
vary in inverse proportion with B,. Therefore a large toroidal field can effectively
reduce the expansion of the beam when the single-particle resonance (© = 0) is
crossed.

The rms emittance as a function of time for Ty, # 0is shown in Fig. 8a. The various
parameters are listed in Table IV. The corresponding result for T;; = 0 is shown in
Fig. 8b. With the exception of the temperature, the various parameters for this run are
identical to those listed in Table I'V. Since in the numerical results

(8r2(0)> = (8z3%(0),
and

(87"2(0)) = <82'*(0)),
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FIGURE 8 (a) Temporal variation of the rms emittance&,, €, and their average (€, + €,)/2, when thereis a
1% (half-width) temperature spread T, in the toroidal direction. The various parameters for this run are
listed in Table IV; (b) as in (a) but with T;, = 0.

Egs. (19) and (20) predict that

er

I

Te,

i.e., €, and €, are either in phase or approximately 180° out of phase. Figure 8a shows
that €, and €, are 180° out of phase. This appears to be a general result and has been
observed in all the runs with temperature or equivalent temperature.

The secular emittance growth in Fig. 8a is attributed to the radial expansion of the
ring. This is also a general result and is observed in all unmatched rings with or without
temperature. Among the various nonlinearities, such as field fluctuations, wall, density
and radial expansion, the last appears to be the most pronounced.

III. CONCLUSIONS
Some preliminary experimental results'® together with the extensive equilibrium®—#
and stability analysis!®~24 indicate that the modified-betatron concept has the poten-
tial to lead to the development of a cyclic, high-current accelerator.

Confidence in the modified-betatron concept is further enhanced by the present
results, which show that spatial fluctuations of the magnetic-field index that are

inevitable in any practial device appear to be harmless to the high-current ring.
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